We report the fabrication of a sticky superhydrophobic paper surface with extremely high contact angle hysteresis: advancing contact angle ∼150 • (superhydrophobic) and receding contact angle ∼10 • (superhydrophilic). In addition, we report the controlled tunability of the contact angle hysteresis from 149.8 ± 5.8 • to 3.5 ± 1.1 • , while maintaining superhydrophobicity, as defined through an advancing contact angle above 150 • . The hysteresis was tuned through the controlled fabrication of nano-scale features on the paper fibers via selective plasma etching. The variations in contact angle hysteresis are attributed to a transition of the liquid-surface interaction from a Wenzel state to a Cassie state on the nano-scale, while maintaining a Cassie state on the micro-scale. Superhydrophobic cellulosic surfaces with tunable stickiness or adhesion have potential applications in the control of aqueous drop mobility and the transfer of drops on inexpensive, renewable substrates.
Introduction
In 1805 Young [1] proposed a relationship between the forces acting at an interface between a liquid and a solid. At that time, he did not formulate the equation that now bears his name, but expressed his ideas in words: '. . . for each combination of a solid and a fluid, there is an appropriate angle of contact between the surfaces of the fluid, exposed to the air, and to the solid . . . ' . With several assumptions, Gibbs later reformulated this hypothesis into the equation that has been widely accepted as Young's equation [2] :
One of the important assumptions in the Young's equation is that the energy of the system reaches a global minimum surrounded by infinitesimally close nonequilibrium states in the energy landscape [2] . However, this scenario is not realistic for real surfaces because of the presence of physical and chemical heterogeneities, which give rise to the presence of local minima surrounding the global energy minimum. As a result, most real surfaces exhibit a variety of contact angles for a particular solid-liquid-vapor combination, rather than a unique '. . . appropriate angle of contact . . .' as proposed by Young. Although Wenzel [3, 4] and Cassie [5] modified Young's equation for physical and chemical heterogeneities, respectively, the inherent assumption of the system being in the global energetic minimum still exists. Indeed, Johnson and Dettre [2, [6] [7] [8] described the limitations that may be encountered when applying Young's hypothesis, as well as other mathematical formulations (e.g., Wenzel's and Cassie's equations), to real surfaces. More than one hundred years after Young's essay, the first observation of multiple contact angle (CA) values for the same solid-liquid-vapor system was reported [9] . Despite the observation of various CA values, well-defined maximum and minimum contact angles could be identified and the term 'contact angle hysteresis' was introduced to designate the difference between these two contact angles [9] . The maximum and minimum contact angles were later termed advancing and receding contact angles, respectively. In order to properly characterize the wetting properties of all substrates, it is critical to take contact angle hysteresis into account.
The presence of hysteresis becomes critical with regards to superhydrophobic surfaces (as defined by a static or advancing CA > 150 • ). Superhydrophobic surfaces are often correlated with water repellency, but the presence of hysteresis on a superhydrophobic surface might disguise such behavior as it causes water drops to stick to the surface. Water droplets easily roll-off superhydrophobic surfaces if the CA hysteresis is below ∼10 • , depending on the size of the drops. For larger CA hysteresis, water droplets tend to stick even to superhydrophobic substrates (advancing CA greater than ∼150 • ). As a result, the functional classification of superhydrophobic substrates depends on CA hysteresis. Indeed, approximately 10 years ago it was noted that for the characterization of (super)hydrophobic substrates it is necessary to determine both the advancing and receding CAs (i.e., hysteresis) [10, 11] . Over the past few decades various names have been used to describe surfaces with static or advancing CA larger than 150 • (Table 1) .
A recent review on superhydrophobicity indicates that only surfaces with both an advancing CA greater than 150 • and CA hysteresis less than 10 • should be termed superhydrophobic [31] ; however, this strict definition excludes surfaces with CA hysteresis > 10 • , which exhibit interesting behavior. In a previous paper we described superhydrophobic substrates with vastly different CA hys- [12] , water-repellant [5] , ultrahydrophobic [10, 13] and superhydrophobic [14] [15] [16] 
>150
• >10 • Super water-repellent [17] , highly hydrophobic [18] , water repulsive [19, 20] and superhydrophobic [21] [22] [23] [24] 
• Not reported Ultra water-repellant [25] [26] [27] , ultrahydrophobic [28, 29] and superhydrophobic [15, 30] teresis values and, to avoid confusion, proposed simple terms to describe two generic forms of superhydrophobicity [32] : roll-off superhydrophobicity (CA > 150 • and CA hysteresis < 10 • ) and sticky superhydrophobicity (CA > 150 • and CA hysteresis > 10 • ). 'Roll-off' superhydrophobic surfaces have been extensively investigated in reference to self-cleaning substrates, often referred to as surfaces mimicking the lotus effect. By comparison, much less information has been reported on the fabrication of 'sticky' superhydrophobic surfaces. So-called sticky superhydrophobic surfaces possess a unique combination of high adhesion force and small liquid-solid contact area. The mobility of water droplets on such sticky superhydrophobic surfaces can, in principle, be manipulated by tuning the adhesion force, which may enable novel applications in the chemical and biomedical arenas. Examples are the development of 'tweezers' for liquid drops, controlled mobility of liquid drops on inclined surfaces, selective permeability in membranes, as well as proteomics and genomics microarrays.
To our knowledge, the first sticky superhydrophobic surface was fabricated by Johnson and Dettre [7] , and displayed an advancing CA = ∼160 • with CA hysteresis = ∼100 • ; this discovery has gone largely unnoticed, because of the lack of knowledge about possible applications at that time. More recently, a number of publications have appeared that report superhydrophobic surfaces with high hysteresis values [12, 13, 17, 21, 32] . In addition, a number of publications have reported superhydrophobic surfaces that are able to immobilize water droplets up to various tilt angles [18, 21, [33] [34] [35] [36] [37] , without actually reporting CA hysteresis values. Finally, several publications have reported the stickiness of a superhydrophobic surface in terms of the adhesion force [22] [23] [24] 38] . Because the adhesion force of a droplet on a surface depends on factors such as surface inclination and drop size [34, [39] [40] [41] [42] , CA hysteresis is a more appropriate parameter to enable comparison of surface characteristics.
We are not aware of reports of the fabrication of superhydrophobic surfaces that can be tuned from sticky to roll-off by simply controlling the receding contact angles from superhydrophilic (<10 • ) to superhydrophobic (>150 • ). The publications on sticky superhydrophobic surfaces referenced in the above paragraph suggest that droplets can be removed completely from the sticky substrate if the applied force is sufficiently large. However, if the receding contact angle is superhydrophilic (<10 • ), the droplet forms a bridge and breaks during its separation from the sticky superhydro phobic surface. Reports to date have indicated only a small window for hysteresis tunability, with the maximum hysteresis less than 100 • [7, 12, 13, 21, 33] .
In this paper, we report the fabrication of a sticky superhydrophobic surface with superhydrophobic advancing CA and superhydrophilic receding CA on cellulosic materials (e.g., paper), resulting in a high CA hysteresis value of 149.8 ± 5.8 • . In addition, we report methods for tuning this hysteresis (i.e., stickiness) from 149.8 ± 5.8 • to 3.5 ± 1.1 • . We achieve this by controlling the formation of physical heterogeneities (roughness) of the paper fibers by selective etching of the amorphous cellulose domains in an oxygen plasma. The low surface energy of these etched paper surfaces is obtained by depositing a thin film of pentafluoroethane (PFE) from the plasma environment. The fact that these substrates are based on cellulosic paper, a biodegradable, inexpensive, flexible, biopolymer, widens its potential commercial interests.
Experimental

Handsheet Formation
Commercial copy paper contains filler particles and other additives to enhance its physical and optical properties. In order to initially avoid the interaction of these particles with the surface modification techniques employed, we used control samples, generally referred to as handsheets, which were prepared according to TAPPI standardized method T205 sp-02 using southern hardwood kraft (Alabama River Pulp Co.) and southern softwood kraft (North Carolina International Paper). The handsheets were fabricated to ensure that the most relevant properties of the handsheets were in the same range as those of commercial copy paper: basis weight (66.68 ± 2.68 g/m 2 ), thickness (105.59 ± 4.86 µm) and roughness (amplitude R a = 6.17 ± 0.24 µm). Four types of substrates were prepared with different fiber combinations and drying methods as shown in Table 2 .
Plasma Etching/Deposition
The details of the parallel plate rf (13.56 MHz) plasma reactor configuration and operational procedures can be found elsewhere [32] . The experimental conditions for oxygen etching to create appropriate roughness of the cellulose fibers and subsequent deposition of a fluorocarbon film from pentafluoroethane (PFE) monomer are listed in Table 3 . 
XPS
XPS spectra were obtained using a PHI model 1600 spectrometer. Further details of this instrument can be found elsewhere [43] .
ATR-FT-IR
FT-IR spectra were obtained from a Bruker Equinox 55 FT-IR spectrometer, equipped with a nitrogen cooled MCT detector. Further details of this equipment can be found elsewhere [44] . A thin strip of the substrate (0.76 cm × 6.35 cm) was cut and pressed against a ZnSe ATR crystal using a flat metal strip. The pressure on the sample was controlled by a set screw and kept approximately constant for all the samples.
SEM
SEM micrographs were obtained (LEO 1530, Carl Zeiss SMT Inc., Peabody, MA) at an operation voltage of 10 kV. Substrates were sputter coated (EMS 350; Electron Microscopy Sciences, Hatfield, PA) with a thin film of gold (15 nm) prior to SEM studies.
Water Contact Angle Measurements
The handsheet was placed on a translation stage, a 4 µl drop suspended from a needle was brought into contact, and the stage was moved in the x-direction (left to right) [9] . The CAs on the advancing and receding sides of the drop were measured.
The advantage of this dynamic method is that it scans a large substrate area and thus yields better statistically averaged values of CA, especially for heterogeneous substrates like paper. One of the disadvantages of this method is that receding CA values of less than 10 • cannot be measured, because the drop can break apart while being dragged on the surface [9] . For our most sticky substrates, the receding CA was in this range and the breakup of drops was observed. In these cases, the standard volume increment/decrement method for measuring advancing and receding CAs was used. The droplet volume was increased from 4 µl to 12 µl in increments of 4 µl to measure the advancing CA. Thereafter, small decrements of 0.17 µl were used to measure the receding CA.
Results and Discussion
Before measuring the wetting properties of our modified substrates, we subjected the substrates to basic physicochemical tests to determine their physical and chemical properties after oxygen etching and PFE deposition in the plasma reactor.
XPS
Cellulose fiber surfaces were characterized after etching and deposition of PFE layers by XPS analysis. Cellulose molecules (C 6 H 10 O 5 ) n are essentially polymer chains of β-d-glucose residues covalently coupled via glucosidal linkages [45, 46] . Consistent with this molecular structure, the XPS survey spectrum of the cellulose handsheet (Fig. 1a) displays two intense peaks assigned to O 1s (oxygen) and C 1s (carbon). Moreover, the theoretical O/C ratio of cellulose (0.83) correlates well with the ratio of 0.84 ± 0.01 determined by XPS, which indicates that the fabricated handsheets do not contain fillers or other impurities found in commercial paper, and therefore that the handsheets can be used as model substrates for cellulose fibers. Indeed, previous work in our laboratory has demonstrated the similarity between the superhydrophobic character of treated handsheets and analogously treated commercial copy paper [32] . The primary etchant species formed in an oxygen plasma are oxygen radicals (O * ) and oxygen atoms (O • ) [32] , which etch cellulosic materials (P) via the following reaction pathways [32, 47] :
The XPS survey spectra of the etched handsheets (data not shown) did not detect the presence of new elements, indicating that no impurities were added to the handsheet surface during plasma etching. Table 4 shows the %carbon, %oxygen and O/C ratio of the handsheets etched in the oxygen plasma for different etching times. The O/C ratio increases as a function of etching time, consistent with continued oxidation, surface conversion and etching of cellulose by oxygen species. An XPS survey spectrum after deposition of the fluorocarbon film on Si wafer from the PFE precursor is shown in Fig. 1b . The hydrophobic nature of the film is evident from the two intense fluorine peaks (F 1s and F 2s ) and a reduction in the intensity of the oxygen peak. High resolution C 1s spectra of the PFE film revealed the highly cross-linked nature of the film (F/C ratio ∼1.1) and the presence of various hydrophobic fluorinated moieties (CF x ) [43, 48] .
ATR-FT-IR
XPS is a surface analysis technique with a probing depth of electrons ranging from 8 to 10 nm. To study the chemical nature of the PFE-cellulose structure in more detail, FT-IR spectra of untreated and PFE-deposited handsheets (HS-OD) were obtained with a penetration depth of 1.2 µm at 900 cm −1 [44] . Figure 2a and 2b shows the FT-IR spectra of the untreated and PFE-coated handsheets (film thickness ∼400 nm). Spectrum of the untreated handsheet correlates well with the FT-IR spectrum of cellulose surfaces reported previously [49, 50] . With the deposition of the PFE film on the handsheet (Fig. 2b) there is suppression of cellulose absorption bands: 3348 cm −1 (O-H stretch), 1336 cm −1 (O-H in-plane deformation), 2902 cm −1 (C-H stretch), 1430 cm −1 (C-H deformation, asymmetric) and 1059 cm −1 (C-O stretch), which indicates a lower level of oxygen and hydrogen present on the surface. The presence of the new absorption bands at 1200 cm −1 (CF x stretch) and 1700 cm −1 (unsaturated fluorocarbon bonds) confirms the presence of a fluorocarbon film. Thus, the spectrum of the handsheet after PFE deposition exhibits features of both an untreated handsheet (Fig. 2a) and a PFE film [43] . This supports the hypothesis that plasma deposition does not significantly affect the chemical nature of the cellulose fibers, although the PFE is chemically bonded to the cellulose surface.
Paper is a complex porous substrate containing tortuous pores with a wide pore size distribution. Although plasma processing of paper substrates is widely referred to as a surface modification process, one might expect that there will be some penetration and reaction of plasma species into the paper bulk [51] . Preliminary SEM images of PFE-coated handsheets after the creation of cross-sections via focused ion beam etching show that the PFE deposition occurs primarily on the surface of the handsheet in spite of its porosity.
Fabrication of Sticky Superhydrophobic Paper Surfaces
Handsheets (HS-OD, H, S and HS) were exposed to PFE deposition for 2 min (no etching) which generated a film thickness of ∼100 nm. Contact angle measurements were performed; Table 5 shows the advancing CA, receding CA and CA hysteresis results.
All four substrates exhibit extremely high hysteresis values, with advancing CAs nearly in the superhydrophobic regime and receding CAs in the superhydrophilic regime. Selected images of the advancing and receding CA measurements are shown in Fig. 3 . It is evident from the image sequence in Fig. 3 that during the receding period, the apparent solid-liquid contact area did not decrease indicative of the extreme stickiness of the water drop to the surface.
Tunability of the Stickiness
Recently, we reported the fabrication of 'sticky' and 'roll-off' superhydrophobic paper surfaces [32] . The sticky superhydrophobic surface we reported had a CA hysteresis of 79.1 ± 15.8 • , far less than the CA hysteresis values shown in Table 5 . After obtaining the extremely high hysteresis values for the sticky substrates in our current study, we systematically varied the hysteresis in order to control the stickiness of the surfaces toward water drops. That is, we expected that the stickiness (i.e., CA hysteresis) could be manipulated by controlling the physical heterogeneity of the paper surfaces. This was achieved by selectively etching the amorphous portions of the cellulose fibers by selective oxygen etching [32] . To investigate this process, handsheets (HS-OD) were etched in an oxygen plasma for different du- rations (0-60 min). Film deposition was then performed onto the handsheets for 2 and 15 min to form a thin film of PFE. Figure 4 shows advancing CAs, receding CAs and CA hysteresis for the handsheets (HS-OD) processed with different etching times. It is evident from Fig. 4 that while the advancing CA is in the superhydrophobic regime for all samples (>150 • ), the receding CA increases from a superhydrophilic value of 8.4 ± 6.8 • to superhydrophobic value of 155.4 ± 1.6 • . This smooth transition of the receding CA results in tunable CA hysteresis values from 147.2 ± 6.8 • (sticky) to 7.6 ± 1.6 • (roll-off). Controlling the oxygen etching times thus enables the generation of paper surfaces with various levels of stickiness.
SEM images of the handsheets (HS-OD) for selected etch times and 2 min PFE deposition are shown in Fig. 5a (high magnification) and 5b (low magnification). On the nano-scale (Fig. 5a) , we see that as oxygen etching proceeds, the fiber surfaces are roughened due to the formation of small nano-scale features. After 10 min etching, the formation of mushroom-like features is apparent. The feature spacing increases with prolonged etching (30 min) and, after 60 min etching, the mushroom-like features have disappeared; at this point the nano-scale roughness consists of solid ridges. On the micro-scale (Fig. 5b) , the number density of fibers on the surface decreases with etching time, which results in enhanced micro-scale roughness. The oxygen plasma apparently etches away the soft fiber 
Mechanism for Tunability of the Stickiness
The interactions of a liquid drop with a physically heterogeneous (rough) solid surface can be explained by two classic equations: Wenzel [3] and Cassie [5] . When the liquid penetrates into the rough grooves of the surface, the apparent contact angle made by the liquid drop with the surface was described by Wenzel [3] as follows:
where r is the ratio between the actual surface area to the geometric (projected) surface area (r > 1 for a rough surface with complete liquid-substrate contact), θ and θ y are the apparent and Young's contact angles of the surface, respectively. On the other hand, when the liquid does not completely penetrate into the solid grooves, leaving air voids at the apparent solid-liquid interface, the apparent contact angle of the liquid drop with the surface was described by Cassie and Baxter [5] as follows:
where f is the solid-liquid area fraction, θ and θ y are, respectively, the apparent and Young's contact angles of the surface. Johnson and Dettre [2, 7] later combined these two equations (4) and (5) to model the transition from a Wenzel-type wetting to a Cassie-type wetting as a function of roughness. They concluded that for a hydrophobic surface, the CA hysteresis increases with roughness if the wetting is governed by the Wenzel state. On the other hand, the CA hysteresis decreases with roughness if the wetting is governed by the Cassie state.
Paper is a porous substrate consisting of many tortuous pores formed by the complex network of cellulose fibers. When a thin PFE film is deposited (∼100 nm), only the individual fibers are coated and the porosity and the roughness of the paper substrate are unchanged [48] . Therefore, even without the presence of roughness created by oxygen etching, an inherent micro-scale roughness of the paper surface results from the network of fibers and the porosity of the paper; this causes the interaction of a liquid drop with paper to be in the Cassie regime. From Fig. 4 it is evident that the hysteresis of the handsheets (HS-OD) decreases with respect to the etching time, which suggests that the etched handsheets are also in the Cassie regime.
The static CA for a smooth PFE film deposited on a silicon wafer is approximately 105 • . After a continuous PFE film covers the fiber surface, the surface chemistry of the fiber becomes identical to that of a PFE film (concluded from the XPS spectrum). The PFE deposition time (2 min) for these experiments was chosen to obtain a continuous coating on the fibers with a thickness (∼100 nm) that is sufficient to retard water absorption into paper [48] . As a result, the fiber surface after a 2 min PFE deposition should have a Young CA approximately equal to 105 • .
If the water-substrate interaction occurs in the ideal Cassie regime (Fig. 6a ) with chemical heterogeneity provided by the PFE film and air, the minimum possible receding CA obtained would be ∼105 • [6, 8] . However, in Fig. 4 we see that for 0 min etching, the receding CA values are well below 105 • , as low as ∼10 • . Such low receding CA values for these samples are only possible if pinning of the three phase contact line occurs by physical heterogeneities on the handsheet fibers. Since the wetting of handsheets seems to be in the Cassie regime (irrespective of the etching time), the high hysteresis could result only if there is a possibility of a nano-scale Wenzel state [3, 4] on the top of each fiber of the handsheet, characterized by an enhanced liquid-substrate contact area (Fig. 6b ). This type of interaction would increase the energy barrier between metastable states. For a surface with a very low solid-liquid contact area, a higher energy barrier greatly decreases the receding CA while only slightly increasing the advancing CA [8] , as we observe for the handsheets. We believe that these types of interactions occur in the unetched handsheet with 2 min PFE deposition, resulting in a high, superhydrophobic advancing CA and a low, superhydrophilic receding CA. We categorize this type of interaction as Cassie state on the micro-scale and Wenzel state on the nano-scale. The unique combination of Cassie and Wenzel states provides a large energy barrier for the movement of the three phase contact line, resulting in a very low receding CA in spite of a superhydrophobic advancing CA. Similar types of interactions for different roughness scales are also referred to as 'air pocket trapping' [52] , 'Cassie impregnation' [38, 53] , 'petal effect' [38] , 'transitional superhydrophobic state between Wenzel's and Cassie's states' [54] and 'Cassie-Wenzel wetting transition' [53, [55] [56] [57] [58] [59] . After etching, the formation of the nano-scale features on the fiber surface (see, e.g., 30 min in Fig. 5 ) provides a different liquid-solid interface. The additional roughness created by the nano-scale features results in Cassie state wetting at the nano-scale (Fig. 6c) . We believe that these nano-scale features greatly reduce the wetting area, as well as the energy barrier between metastable states. As a result, the vibration energy of the drop is now high enough to overcome the energy barriers, giving rise to roll-off behavior (low CA hysteresis). We classify this type of interaction as Cassie regime on the nano-and micro-scale. This type of interaction is commonly referred to as the 'lotus state' [54] , in reference to its natural occurrence on the leaves of lotus plants.
The schematics in Fig. 6b and 6c can be directly compared with the SEM images ( Fig. 5a and 5b) for 0 and 60 min etched handsheets (HS-OD). Figure 4 shows that by varying the etching time, the hysteresis can be tuned from a sticky superhydrophobic to a roll-off superhydrophobic value. We believe that this tunability is obtained by a smooth transition from the Wenzel to Cassie state at the nano-scale (fiber surface) due to the evolution of the nano-scale features. This conclusion is supported by the SEM images in Fig. 5a and 5b (2 min PFE) . The transition of a drop's interaction from Cassie state to Wenzel state has been previously obtained by inducing pressure [60] and vibration [53, 55, [57] [58] [59] . Here, we obtain this transition without using an external stimulus by controlling the topography of the fibers or, in other words, by the evolution of the nano-scale features. In conclusion, the unique combination of transition in wetting happening at the nano-scale, while maintaining a Cassie state at the micro-scale results in variable receding CA while maintaining a superhydrophobic advancing CA.
Significance of Nano-scale Roughness on the Tunability of Stickiness
Fiber diameters in the handsheet range from 10 to 40 µm. Thus, a PFE film thickness of less than ∼1 µm would not be expected to affect the micro-scale roughness. Two PFE deposition times were used to coat the etched handsheets (2 and 15 min) to study the effect of nano-scale roughness on tunability. As explained previously, the 2 min PFE deposition (∼100 nm) was chosen because it just exceeds the minimum thickness to retard water absorption [48] . The 15 min PFE deposition (∼1 µm) was chosen because we believe this relatively thick film would not disturb the microscale features.
Comparisons of the advancing CA, receding CA and CA hysteresis for the 2 min and 15 min PFE-deposited handsheets (HS-OD) are shown in Fig. 4a and 4b . The 15 min PFE deposition on an unetched paper results in a CA hysteresis of 72.6 ± 10 • which is lower than the value obtained for a 2 min PFE deposition. This observation is consistent with the SEM images in Fig. 5a . With increased PFE deposition (15 min), the presence of globular features is visible on the 0 min etched handsheets. We believe that these nano-scale features decrease the hysteresis by enhancing roughness. On the other hand, the CA hysteresis goes through a maximum value after 2 min etching and then decreases, following the same trend as the handsheets with 2 min PFE deposition. As explained previously, hysteresis increases with roughness if the interaction between the water drop and surface is in the Wenzel state. Hence, it can be concluded that 2 min etching increases the roughness scales (from 0 min etching) appropriate for Wenzel state wetting. After 3 min etching, the fiber topography is appropriate for wetting in the Cassie regime, resulting in a decrease in the CA hysteresis with respect to etching (roughness). It is evident from Fig. 4a and 4b that the hysteresis values for the etched fibers with 15 min of PFE deposition are consistently higher than for 2 min PFE deposition. This increased hysteresis may be attributed to the larger nano-scale features observed on handsheets after 15 min PFE deposition (Fig. 5a ) which provide a larger solid-liquid contact area.
The morphological change on a nano-scale by longer deposition times (thicker PFE film) is a unique feature of the plasma deposition process. The plasma deposition process takes place at reduced pressure (∼1 Torr). At this pressure, the reactant species flux onto the surface, which establishes the deposition rate, is determined by the surface topography. That is, the film thickness at a particular surface location depends on the acceptance angle for species impingement and thus on the geometry at that location [61] . Ideally, at the top of a 90 • step, reactant flux impinges from a 270 • cone and hence this edge location receives more flux than does a flat surface (180 • cone) or the corner at the bottom of this step (90 • cone); deposition rates scale with these fluxes. This phenomenon plays a crucial role in the modification of the oxygen etched fiber morphology due to the variation of PFE deposition thickness and deposition time.
Handsheets made with different fibers sizes were used to study the micrometer scale roughness on the wettability. The softwood fibers (3-7 mm in length; ∼50 µm in diameter) are typically larger than the hardwood fibers (1-2 mm in length; ∼20 µm in diameter) by a factor of two. Changing the micro-scale roughness by changing the fiber size combinations (100% hardwood (H), 100% softwood (S) and 50% hardwood-50% softwood (HS)) did not affect the CA or CA hysteresis values (data not shown). This clearly indicates that the physical heterogeneity (roughness) created on the fibers by oxygen etching is the key to tuning contact angle hysteresis and stickiness. This further strengths our hypothesis that nano-scale features created by oxygen etching are the key to the transition from a Wenzel-type wetting to a Cassie-type wetting at the nano-scale.
In Fig. 7 , we have plotted the CA hysteresis and advancing CA for the different handsheets for the various etching times (0-60 min) with 2 min PFE deposition (HS-OD, H, S and HS) and with 15 min PFE deposition (HS-OD). This figure reiterates that all substrates (except two) are superhydrophobic by the classical definition (CA > 150 • ), but span a wide range of stickiness (CA hysteresis). 
Conclusions
We have reported the fabrication of superhydrophobic paper surfaces with a wide range of contact angle hysteresis values, which results in variable stickiness for water drops. The tunability of hysteresis on the paper substrates was obtained by creating physical heterogeneity (roughness) on the cellulose fibers via selective oxygen plasma etching. Tunable stickiness of water drops on paper-based substrates can be important in controlling the mobility of drops resident on the surface. Sticky superhydrophobic surfaces can also be a used to make 'tweezers' for liquid drops that allow the transfer of a large volume of liquid with low solid-liquid contact area.
These concepts may open new windows of opportunities in many chemical and biomedical research areas such as microfluidics, MEMS, proteomics and genomics. In addition, generation of such tunable surface properties on biodegradable, inexpensive, recyclable paper substrates may widen the scope of possible applications.
